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ACTUATORS 


Lennart S. Hultgren and David E. Ashpis 
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Glenn Research Center 
Cleveland, Ohio 44135 


Abstract 

Active flow control of boundary-layer sepa- 
ration using glow-discharge plasma actuators 
is studied experimentally. Separation is in- 
duced on a flat plate installed in a closed- 
circuit wind tunnel by a shaped insert on the 
opposite wall. The flow conditions represent 
flow over the suction surface of a modern low- 
pressure-turbine airfoil. The Reynolds num- 
ber, based on wetted plate length and nom- 
inal exit velocity, is varied from 50,000 to 
300, 000, covering cruise to takeoff conditions. 

Low (0.2%) and high (2.5%) free-stream tur- 
bulence intensities are set using passive grids. 

A spanwise-oriented phased-plasma- array ac- 
tuator, fabricated on a printed circuit board, is 
surface-flush-mounted upstream of the separa- 
tion point and can provide forcing in a wide 
frequency range. Static surface pressure mea- 
surements and hot-wire anemometry of the 
base and controlled flows are performed and 
indicate that the glow-discharge plasma actua- 
tor is an effective device for separation control. 

1 Introduction 

Modern low-pressure turbines, in general, utilize 
highly loaded airfoils in an effort to improve efficiency 
and to lower the number of airfoils needed. Typically, the 
airfoil boundary layers are turbulent and fully attached 
at takeoff conditions, whereas a substantial fraction of 
the boundary layers on the airfoils may be transitional at 
cruise conditions due to the change of density with al- 
titude [1]. The strong adverse pressure gradients on the 
suction side of these airfoils can lead to boundary-layer 
separation at the latter (low Reynolds number) condi- 
tions. Large separation bubbles, particularly those which 
fail to reattach, cause a significant degradation of engine 
efficiency [1, 2, 3]. A component efficiency drop of the 
order 2% may occur between takeoff and cruise condi- 


tions for large commercial transport engines and could 
be as large as 7% for smaller engines at higher altitude. 
An efficient means of of separation elimination/reduction 
is, therefore, crucial to improved turbine design. 

The large change in the Reynolds number from take- 
off to cruise leads to a distinct change in the airfoil flow 
physics. Consequently, further airfoil shape optimiza- 
tion, with the constraint of high power at takeoff, can- 
not be expected to eliminate separation at cruise. Future 
more aggressive high-lift designs may also further aggra- 
vate the situation. Clearly, a separation control strategy 
needs to be developed for cruise conditions with mini- 
mum impact/penalty at takeoff. 

A complicating factor, but also a potential advantage 
in the quest for an efficient strategy, is the intricate inter- 
play between separation and transition for the situation 
at hand. Transition may begin before or after separa- 
tion, depending on the Reynolds number and other flow 
conditions. If the transition occurs early in the boundary 
layer then separation may be reduced or completely elim- 
inated. Transition in the shear layer of a separation bub- 
ble can lead to rapid reattachment. This suggests using 
control mechanisms to trigger and enhance early transi- 
tion. 

Further complicating the problem are the high free- 
stream turbulence levels in a real engine environment, the 
strong pressure gradients along the airfoils, the curvature 
of the airfoils, and the unsteadiness associated with wake 
passing from upstream stages. Because of the compli- 
cated flow situation, transition in these devices can take 
many paths that can coexist, vary in importance, and pos- 
sibly also interact, at different locations and instances in 
time. Volino [4] gives a comprehensive discussion of 
several recent studies on transition and separation under 
low-pressure-turbine conditions, among them one in the 
present facility [5]. 

Gad-el-Hak [6] provides a review of various tech- 
niques for flow control in general and Volino [7] dis- 
cusses recent studies on separation control under low- 
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pressure-turbine conditions. The latter includes tech- 
niques utilizing passive [8, 9, 10] as well as active 
[7, 11, 12, 13, 14, 15] devices. As pointed out by 
Volino [7], passive devices optimized for separation con- 
trol at low Reynolds numbers tend to increase losses at 
high Reynolds numbers. Active devices have the at- 
tractive feature that they can be utilized only in opera- 
tional regimes where they are needed and when turned 
off would not affect the flow. The focus in the present 
paper is active separation control using glow discharge 
plasma actuators. 

As in [5], the boundary layer on a flat plate is sub- 
ject to a stream wise pressure gradient corresponding to 
that on the suction side of the ‘Pak-B’ airfoil. Reynolds 
numbers from 50,000 to 300,0000 are considered, span- 
ning the range from cruise to takeoff conditions. Cases 
with high (nominal 7%) and low (0.2%) inlet free-stream 
turbulence are documented. As will be seen later, these 
inlet TI levels in the present study correspond to about 
0.2% and 2.5% in the test section when normalized with 
the exit velocity. Free-stream turbulence levels in low- 
pressure turbines could be as low as about 3% ([16]) 
on the suction side of the airfoils. The present high TI 
case, therefore, represents a realistic value. A spanwise- 
oriented phased-plasma- array [17] actuator, fabricated 
on a printed circuit board, is surface-flush-mounted up- 
stream of the separation point and can provide forcing in 
a wide frequency range. Static surface pressure measure- 
ments and single- wire constant-temperature anemometry 
of the base and controlled flows are performed. 

2 Experimental Facility 

All experiments were conducted in a low- speed, re- 
circulating wind tunnel. The wind tunnel was used in 
earlier studies, such as [5, 18, 19]. A blower capable 
of 4.72 m 3 s -1 (10,000 CFM), with an 18.6 kW (25 HP) 
motor and variable speed controller, supplies air to a rect- 
angular channel of cross section 0.635 m x 0.686 m. The 
channel contains a series of screens and flow straighten- 
ers. Turbulence generating grids may be placed at the 
exit of the channel. As in [5], a coarse grid with 40% 
blockage, constructed with 50 mm wide, 13 mm thick 
(in the stream wise direction) vertical and horizontal bars, 
was used for the high TI case. Grid spacing is 178 mm. 
For the low TI case, no grid was used. Just downstream 
(29 mm) of the grid location is an 0.914 m long, two- 
dimensional contraction, which reduces the flow area to 
0.178 m x 0.686 m. The long dimension is horizontal, 
the shorter is vertical. Following the contraction is an 
0.245 m long straight section at the end of which is an up- 
stream facing double bleed- scoop, located at the bottom 
of the channel, that further reduces the vertical dimen- 
sion to 0.152 m. Following this is a rectangular channel 
which serves as the test section. A side view schematic 
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Figure 1: Schematic of the test section, side view, 

approximately to scale, L s = 208 mm (wetted length, 
streamwise length is 206 mm) 

of the test section is shown in Figure 1 . 

A 12.7 mm thick horizontal Plexiglas plate with a 4:1 
elliptical leading edge is mounted with its top surface at 
the vertical center of the channel, spanning the 0.686 m 
width, and with its leading edge 54 mm downstream of 
the beginning of the test section. The leading edge is, 
hence, 0.299 m downstream of the end of the contraction 
and 1.242 m downstream of the grid location. The upper 
surface of the plate is the test wall for the experiments. 
The same two-dimensional contoured shape as in [5] is 
attached to the wall opposite the test wall to produce the 
desired ‘Pak-B’ pressure gradient along the test wall. 

In a cascade experiment, favorable pressure gradients 
prevent separation on the pressure side of the airfoils. In 
the present situation, however, suction is needed to in- 
sure that the flow remains attached on the contoured wall 
and separates only on the test wall. Suction was applied 
through holes along a 30 mm x 0.686 m strip in the con- 
toured wall, just downstream of the throat (position of 
maximum free-stream velocity). A blower with an 0.75 
kW (1 HP) electric motor and variable speed controller 
was used to produce the suction. The blower speed was 
adjusted linearly with the Reynolds number considered, 
to prevent separation and to produce the desired mini- 
mum pressure along the test plate at the throat. In addi- 
tion, the contoured wall was covered by sandpaper up- 
stream as well as a short distance downstream of the suc- 
tion slot to promote a turbulent boundary layer on that 
surface via tripping. This is identical to the arrangement 
used in Volino and Hultgren [5]. 

Downstream of the test section, the flow entered a 
diffuser, then was routed through filters and a heat ex- 
changer (cooler) before returning to the blower. The lat- 
ter, of course, is needed to keep the wind-tunnel operat- 
ing temperature from drifting. 

2.1 Actuator 

A phased-plasma- array [17] actuator, is surface-flush- 
mounted just upstream of the separation point. The 
insert is of 89 mm streamwise length and 119 mm 


spanwise extent. The actuator was fabricated in-house, 
using printed-circuit-board technology, and has seven 
span wise-oriented electrode pairs with an effective span- 
wise length of 77.5 mm. The design is shown in Fig. 2 
and is an improvement of early designs [20] by a research 
group at University of Notre Dame. The streamwise 



Figure 2: Actuator design, top view and bottom view; 
corners at figure center are the same; flow direction from 
bottom to top; dimensions in inches, 25.4 mm 

electrode offset leads to a glow discharge plasma only on 
the downstream side of the top electrodes. This asym- 
metric arrangement has been shown to be advantageous 
[20] in that it leads to an effective forcing of the fluid. 
The computer controlled actuator driver circuits are illus- 
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Figure 3: Actuator driver-circuit schematic 

trated in Fig. 3. They consists of a National Instrument 
eight channel (only five used at present) digital-to-analog 
output PCI card (PCI-6713) for the top electrodes and a 
GPIB controlled Stanford Research Systems synthesized 
function generator (DS345) for the common bottom elec- 
trodes. The analog outputs are each fed into 1:10 opera- 
tional amplifier circuits and then into 1:120 transformers 
producing voltages in the kV range at the actuator. In the 
present arrangement, the top electrodes are, in turn, fed a 
sequence of (positive) pulses with a repeat rate 1 /T t = 4 
kHz, where T t is the period. The common bottom elec- 
trodes are fed a pulse train of opposite polarity (negative) 
with a slightly different period T*,. The frequency differ- 
ence gives rise to a beat frequency of the glow-discharge 
plasma and this is what leads to an unsteady forcing of 
the flow. This arrangement can provide forcing in a wide 
frequency range. See Roth [21] for more details about 
plasma in general and for glow-discharge plasma actua- 
tor applications for flow control see Refs. [17, 20, 22]. 


Table 1: Station locations in Volino and Hultgren [5]. 


Station 

1 

2 

3 

4 

5 

6 

7 

s/L s 

0.28 

0.33 

0.39 

0.45 

0.51 

0.57 

0.63 

Station 

8 

9 

10 

11 

12 

13 

14 

s/L s 

0.69 

0.75 

0.81 

0.88 

0.94 

1.00 

1.06 


2.2 Instrumentation 

The flat plate has 45 static pressure taps and a pitot tube 
was used to obtain the exit velocity of the simulated 
blade. The pressure measurement system consists of a 
Scanivalve Corporation 48 port J-type multiplexer con- 
nected selectively to two Druck (LPM 9381) differential 
pressure transducers of UO.lkPa and UlkPa ranges, re- 
spectively. This allows for accurate pressure measure- 
ments for the full Reynolds number range of the present 
study. A GPIB controlled digitizer was used to acquire 
the output voltages from the pressure transducers and its 
digital input-output lines were used to control the pres- 
sure multiplexer. 

Streamwise velocity was measured using a single sen- 
sor hot-wire probe with a 5 fim diameter platinum wire. 
The probe was inserted through a slot in the spanwise 
center of the top wall of the test section, and could be tra- 
versed in the streamwise direction and normal to the test 
wall. Traversing was accomplished using stepper motors 
controlled by the same computer used for data acquisi- 
tion. Velocity profiles were acquired at the streamwise 
stations 9 through 13 listed in Table 1. Each profile con- 
sisted of 41 points spaced normal to the wall, with finer 
spacing closer to the wall. Voltage data were acquired 
from the constant- temperature anemometer using a 16 
bit digitizer, controlled through an IEEE 488 interface 
bus (GPIB) with a computer. At each measurement loca- 
tion, 53 s long time records were acquired consisting of 
just over 1 million (1, 048, 5 76 = 2 20 ) data points col- 
lected at a 20 kHz sampling rate using an anti-aliasing 

8.3 kHz low-pass filter before sampling. Uncertainty in 
mean and fluctuating velocities is 5%, which is primarily 
due to bias error resulting from calibration uncertainty. 



Figure 4: Fiber-optic link isolation 

An important concern when working with glow- 
discharge plasma is how to protect sensitive electronic 
components from damage due to potential buildup of 
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high electrostatic charges. Fig 4 indicates how the hot- 
wire constant temperature anemometry is isolated from 
the analog-to-digital converters using a analog fiber-optic 
link (AA Labs AFL-500, ±10V DC-20kHz) and an iso- 
lation transformer for the CTA power supply. 

3 Results 

Experimental data were acquired with freestream TI 
of 0.2% and 2.5%. The nature of the turbulence at these 
two levels is briefly discussed in Volino and Hultgren [5] 
where cross-wire measurements were also taken at the 
exit of the contraction, see Fig 1 . In the low TI case, most 
of the intensity is due to low frequency streamwise un- 
steadiness, as opposed to turbulent eddies. Downstream 
in the test section, the TI remains essentially unchanged 
at about 0.2%, despite the strong acceleration over the 
leading section of the test wall. In the high TI case at the 
contraction exit, the turbulence is non-isentropic, since 
the grid is located upstream of the contraction, and at 
about 7% intensity. The integral scales are comparable 
to the width of the bars of the grid, and are representative 
of the large eddies in the free-stream. Downstream, over 
the test wall, the TI is reduced to about 2.5% due in part 
to decay of the free-stream turbulence, but mainly due to 
the increase in mean free-stream velocity as the flow is 
accelerated. The ratio of the free-stream velocity at the 
exit of the contraction to the velocity in the throat is 0.45. 
Qiu and Simon [23] had the same ratio of inlet to throat 
velocity in their cascade experiment. 

Streamwise pressure profiles for the Reynolds num- 
bers of 50,000, 100,000, 200,000 and 300,000, are shown 
in Figure 5 along with the expected profile for the suction 
side of the ‘Pak-B’ airfoil. The pressure coefficients, C p , 
were computed from static pressure measurements us- 
ing the exit velocity obtained from the pitot tube. The 
streamwise distance is normalized on the nominal suc- 
tion surface length (207.55 mm). The Reynolds number 
is based on the nominal suction surface length and the 
exit velocity. The actual plate is 356 mm long and there 
are several pressure taps downstream of the point which 
represents the trailing edge of the airfoil. The pressure 
profiles upstream of the throat are in good agreement 
with the ‘Pak-B’ profile for all cases. Downstream, the 
agreement is good for the high Re , high TI cases. At the 
lower Reynolds numbers, the C p values indicate separa- 
tion. At low TI and i7e=50,000, the boundary layer may 
not be fully reattached at the end of the modeled airfoil. 

The following two subsections will describe results 
from pressure and hot-wire measurements, respectively, 
showing the effects of using the glow-discharge plasma 
actuator for active separation control. In all cases de- 
scribed herein, the five most downstream electrode pairs 
were used in such a way that the plasma repeatedly 
moves from electrode pair to electrode pair in the down- 
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Figure 5: C p profiles: (a) Low TI, (b) High TI; Re = 

50.0000 (square), 100,000 (circle), 200,000 (triangle), 

300.000 (plus) 

stream direction. The base frequency for the plasma gen- 
eration was 4 kHz and the delta frequency (or detuning) 
between the pulse trains for the top and bottom elec- 
trodes, which leads to the sequential plasma pulsing, was 
varied in order to study the frequency dependency of the 
control mechanism. The gain in the signal generating cir- 
cuits was set so that an active electrode pair would have 
a voltage difference of 3.84 kV. 

3.1 Pressure Measurements 

Figure 6 shows the impact on the C p profile by using the 
actuator at a typical delta frequency for Re = 50,0000. 
The top and bottom panels are for the low and high 
TI cases, respectively. The negative delta frequency, 
A / = —48.992 Hz, indicates that the pulse train on the 
bottom electrodes is at a lower frequency than that for 
the upper ones and, consequently, that the plasma forms 
repeatedly and sequentially in the downstream direction 
for the last five electrode pairs. The horizontal line in (a) 
indicates the location of the actuator (from 0. 14 to 0.57 in 
nondimensional coordinates) and the dashes above this 
line shows the location of the upper electrodes. The 
glow-discharge plasma forms at the downstream edge of 
these. As can be seen in the low TI case, the separated 
region is reduced and the theoretical profile is recovered 
before the end of the modeled airfoil. In the high TI case, 


Re = 50000, Low TI 


A / = -49 Hz 


Re = 100000, Low TI 


A/ = —101 Hz 



s/L s 

Re = 50000, High TI A / = -49 Hz 



s/Ls 


Figure 6: C v profiles: (a) Low TI, (b) High TI; actuator 
off (square) and on (circle) 

the separation is already much less drastic than in the low 
TI case, but even here an improvement can be seen with 
the actuator turned on. 

For the low TI case at Re = 50,000, the actuator was 
found to be effective in reducing the separation for forc- 
ing frequencies, fb = |A/|, between roughly 30 to 150 
Hz with results very similar to that shown in Fig. 6(a). 
Qualitatively speaking, the effectiveness is rather flat in 
this region and then gradually drops off. The C v distri- 
bution was affected, but much less so, also for frequen- 
cies outside of this range like, say, 10 Hz and 200Hz and 
above. The effective range expressed in terms of a nondi- 
mensional frequency parameter F+, fb scaled with the 
wetted surface length and nominal exit velocity, is esti- 
mated to be about 1.6-8. The sign of the delta frequency 
turned out not to change the effectiveness of the actuator. 
That is, positive values of A / where the plasma forms 
sequentially in the upstream direction, worked as well as 
negative ones. This leads to the hypothesis, which will be 
tested in future work, that only the plasma at the last elec- 
trode pair adds the most significant unsteady forcing to 
the flow because of its proximity to the separation point 
and the strong favorable pressure gradient over nearly all 
of the actuator. 

Figure 7 shows the effect of operating the actuator 
for low TI and Re = 100,0000 (top panel) and 200,000 

N AS A/TM— 2003 -2 1 2204/REV 1 5 



s/L s 

Re = 200000, Low TI A/ = —199 Hz 



s/ L s 


Figure 7: C v profiles: (a) Low TI, (b) High TI; actuator 
off (square) and on (circle) 

(bottom panel) at difference frequencies of -101.36 Hz 
and -199.16 Hz, respectively, i.e., essentially at the same 
nondimensional frequency F + as the cases in Fig. 6. It 
can be seen that with the actuator inactive and Re = 
100,000, there is a clear indication in the C p distribution 
of a separation bubble with a length about half as long as 
in the corresponding case at Re = 50,000. The effect of 
the actuator is also here to reduce the separated region. In 
the Re = 200,000 case, the unforced flow is nearly fully 
attached and the effect of the actuator is minimal. 

The results indicate that the present, spanwise ori- 
ented, actuator works by promoting transition in the 
shear layer of the separation bubble which then leads 
to earlier reattachment. This conclusion will be further 
supported by the hot-wire measurements described in the 
next subsection. 

3.2 Hot-Wire Measurements 

The mean streamwise velocity profiles and streamwise 
fluctuating velocity profiles are shown for the stream- 
wise stations 9-13 of the low TI, Re- 50,000 case in 
Fig. 8. The velocity profiles are normalized using the 
nominal free- stream exit velocity, obtained from the exit 
pitot tube measurements, which would correspond to the 
free- stream velocity at the last station if the boundary 
layer is attached there. The surface normal coordinate is 
normalized using the wetted surface length of the mod- 




Figure 8: Profiles for Low TI, Re=50,000 case: (a) Mean velocity, (b) u rrns ; actuator off (square) and on (circle) 


eled airfoil and scaled by the square root of the Reynolds 
number. This represents a natural boundary-layer type 
normalization and scaling. The very near- wall behavior 
of the mean flow profiles in this figure and a later one is 
to be considered preliminary since the issue of near- wall 
correction of the hot-wire measurements has not yet been 
addressed here. 

In the case of the actuator being turned off, the top 
panel of Fig. 8 (squares) shows that the boundary layer 
is clearly separated at stations 9 and 10 and that the sep- 
aration bubble is growing. At stations 11 and 12, the 
low, but non-zero velocities near the wall indicate that 
the boundary layer is beginning to reattach, although it 
may be intermittently separated and attached at these lo- 
cations. At station 13, representing the end of the air- 
foil in question, the mean velocity profile indicates that 
the boundary layer is reattached at this Re and TI. The 
corresponding fluctuating velocity profiles (squares) in 
the bottom panel of this figure show very low turbulence 
at stations 9 and 10, with a slight increase in u rrns just 
above the separation bubble seen in the mean profile. 
The u rrns fluctuations continue to grow in the shear layer 
over the separation bubble at Stations 9 through 12. The 
u rrns level is still very low inside the bubble at stations 9 
and 10, indicating that the flow is largely stagnant in this 
region. This is expected based on the near-zero mean ve- 
locity in the separation bubble. Since the hot-wire can 
not distinguish flow direction, a reversing or turbulent 
flow in the separation bubble would have resulted in false 
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positive mean velocity if the magnitude of the fluctua- 
tions were significant. At station 11, significant u rrns 
fluctuations also begin to appear near the wall. This indi- 
cates that the boundary layer is starting to reattach. The 
fluctuations are also extending farther from the wall to- 
ward the free-stream. By the last station, the u rrns profile 
shows significant fluctuations starting near the wall and 
well out into the freestream, indicating that transition in 
the shear layer over the separation bubble has reattached 
the flow. 

In the case of the actuator being used, with the same 
delta frequency (-48.992 Hz) as before, Fig. 8 (circles) 
shows that the boundary layer now is starting to reattach 
already at station 9 and that the flow is reattached by sta- 
tion 1 1 . The separation bubble is thus much shorter as 
well as thinner. Consistent with this picture, significant 
unsteady fluctuations now also occurs near the wall and 
well out into the freestream already at station 1 1 . The 
broadening of the peak in the u rrns distribution towards 
the wall from stations 1 1 through 13 indicates that an at- 
tached turbulent or transitional boundary layer is devel- 
oping. 

The velocity profiles for the high TI, Re- 50,000 case 
are shown in Fig. 9. In the case of the actuator not op- 
erating (squares), the boundary layer is separated, at sta- 
tions 9 and 10, but the thickness of the separation bub- 
ble is only about half that of the corresponding low TI 
case at station 9. At station 11, the boundary layer has 
just reattached, and the profile shape recovers to that of 
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Figure 9: Profiles for High TI, Re=50,000 case: (a) Mean velocity, (b) u rrns ; actuator off (square) and on (circle) 


an attached turbulent boundary layer through stations 12 
and 13. In the corresponding low TI case, reattachment 
did not occur until station 13. At station 9, the u rrns pro- 
file show a pronounced peak at the location of the max- 
imum shear of the mean profile, i.e. in the shear layer 
over the separation bubble. This peak spreads towards 
the wall as the flow reattaches. The absence of a pro- 
nounced near- wall peak at station 13 indicates that the 
turbulent boundary-layer flow at this location is still re- 
covering from the upstream separation. 

In the case of the actuator being turned on (circles), 
Fig. 9 shows that the reattachment process is somewhat 
accelerated compared to when it is not. However, the 
profiles at the last station are quite similar. This suggests 
that the actuator is most effective in modifying the flow 
in the shear layer above the separation bubble and that 
it has limited (if any) further effect once the flow has 
reattached. 

Figures 10 and 1 1 show the evolution of the u' power 
spectral densities at the locations of maximum u rrns in 
the flow for successive downstream station (9-13) in the 
low and high TI cases, respectively. The top panel in 
Fig. 10 is for Re = 50,000, low TI, and the actuator 
turned off. The front curve shows that the fluctuations 
mainly occur at very low frequencies and in a band cen- 
tered about 125 Hz, the latter due to shear layer insta- 
bility, at station 9. At higher frequencies the magnitude 
is still low, indicating that the flow is not yet turbulent. 
At station 10, the shear layer instability has increased in 


magnitude, significant higher harmonics have been gen- 
erated, and the shear layer can be interpreted to be in 
its later stages of transition. Between stations 10 and 11 
there is a sudden jump to higher levels at higher frequen- 
cies, indicating a transition to turbulence. Thus, the shear 
layer is turbulent at stations 1 1 and 12. The curve for the 
last station in combination with the corresponding results 
in Fig. 8 indicate reattached turbulent flow. 

The bottom panel in Fig. 10 corresponds to the case 
in the top panel but with the actuator turned on. Distinct 
peaks at the unsteady forcing frequency and its harmon- 
ics can be seen in the curve for station 9. The overall 
shape of the curve is also of a turbulent nature. This sug- 
gests that effect of the actuator is to have nearly, if not 
already, transitioned the shear layer flow to turbulence 
at this station. At station 10, the increased level at the 
higher frequencies indicates clearly that the shear layer 
now is turbulent. The effective range of forcing frequen- 
cies noted in the previous subsection can now be under- 
stood in terms of the frequency band for instability waves 
in the separated shear layer. The the later curves, in com- 
bination with the corresponding results in Fig. 8 indicate 
reattached turbulent flow at stations 11-13. 

The top panel in Fig. 11 is for Re = 50,000, high TI, 
and the actuator turned off. Comparing to Fig. 10, there 
is considerably more fluctuation energy in the high TI 
case at the first station than in the low TI case. This 
energy is induced by the free- stream over all frequen- 
cies, with no frequency spikes, but with lower frequen- 
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Re = 50,0000, Low TI Off 



/(Hz) 

Re = 50,0000, Low TI On 



/(Hz) 


Figure 10: u' power spectrum densities at locations of 
maximum u rrns at stations 9-13 for Low TI, Re=50,000 
case: (a) actuator off, (b) actuator on 


cies more successful in penetrating the upstream bound- 
ary layer. This penetration occurs already at the stations 
upstream of the ones presented here. Volino and Hult- 
gren [5] documented the slow but steady growth of these 
low-frequency disturbances, induced by the free- stream 
fluctuations [24, 25, 26] and detectable as a near- wall 
peak in the u rrns distribution, through the favorable pres- 
sure gradient region upstream of the boundary-layer sep- 
aration location and their movement away from the wall 
and into the still laminar shear layer over the separation 
bubble. The later curves in the top panel of Fig. 1 1 show 
no amplification of select instabilities as in the top panel 
of Fig 10 but rather a rising energy level across the en- 
tire spectrum as transition proceeds. This indicates that 
transition occurs through a bypass mode, rather than the 
breakdown of the instability waves seen in the low TI 
case [5, 25]. Downstream of transition, the spectra for 
the low and high TI cases are essentially the same. 

The bottom panel in Fig. 1 1 is for the case in the top 
pannel but with the actuator being used. The level at 


Re = 50,0000, High TI Off 



/(Hz) 

Re = 50,0000, High TI On 



/(Hz) 

Figure 11: u' power spectrum densities at locations of 
maximum u rrns at stations 9-13 for High TI, Re=50,000 
case: (a) actuator off, (b) actuator on 

higher frequencies is increased at station 9 compared to 
the unforced case in the top panel indicating that using 
the actuator has accelerated the transition process. The 
curves at the last three stations are very similar for both 
cases in this figure indicating the limited further effect of 
the forcing once transition to turbulence has occurred. 

4 Summary 

Active flow control of boundary layer separation us- 
ing a glow-discharge plasma actuator has been docu- 
mented under Reynolds number and pressure gradient 
conditions typical of low-pressure turbine airfoils. The 
present span wise-oriented phased-plasma- array actuator, 
located upstream of the separation point, has been found 
effective for separation control. The results suggest that 
the actuator works by promoting early transition in the 
shear layer above the separation bubble thus leading to 
rapid reattachment. The actuator is effective in a fre- 
quency band corresponding to the range of instability 
waves in the separated shear layer. It is particularly effec- 
tive under low free- stream turbulence conditions where 
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the boundary layer is laminar at separation. It also ac- 
celerates transition and subsequent reattachment under 
high freestream turbulence conditions, where the pre- 
transitional boundary layer separates at about the same 
location as in the low freestream turbulence case and the 
shear layer transition occurs through a bypass mode. 
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